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Bacterial immunoglobulin A1 (IgAl) proteases constitute a very heterogenous group of extracellular en-
dopeptidases which specifically cleave human IgAl in the hinge region. Here we report that the IgAl protease
gene, iga, of Streptococcus pneumoniae is homologous to that of Streptococcus sanguis. By using the S. sanguis iga
gene as hybridization probe, the corresponding gene from a clinical isolate of S. pneumoniae was isolated in an
Escherichia coli lambda phage library. A lysate of E. coli infected with hybridization-positive recombinant
phages possessed IgAl-cleaving activity. The complete sequence of the S. pneumoniae iga gene was determined.
An open reading frame with a strongly biased codon usage and having the potential of encoding a protein of
1,927 amino acids with a molecular mass of 215,023 Da was preceded by a potential —10 promoter sequence
and a putative Shine-Dalgarno sequence. A putative signal peptide was found in the N-terminal end of the
protein. The amino acid sequence similarity to the S. sanguis IgA1 protease indicated that the pneumococcal
IgA1 protease is a Zn-metalloproteinase. The primary structures of the two streptococcal IgAl proteases were
quite different in the N-terminal parts, and both proteins contained repeat structures in this region. Using a
novel assay for IgAl protease activity upon sodium dodecyl sulfate-polyacrylamide gel electrophoresis, we
demonstrated that the secreted IgAl protease was present in several different molecular forms ranging in size
from approximately 135 to 220 kDa. In addition, interstrain differences in the sizes of the pneumococcal IgA1l
proteases were detected. Southern blot analyses suggested that the S. pneumoniae iga gene is highly heterog-

enous within the species.

Immunoglobulin Al (IgAl) is the predominant immuno-
globulin isotype involved in the protection of mucosal mem-
branes of the upper respiratory tract in humans (12). Although
generally resistant to traditional proteases, IgA1, including its
secretory form, is susceptible to IgAl proteases, which are
extracellular, bacterial enzymes that specifically cleave human
IgAl in the hinge region at one of several postproline peptide
bonds absent in the IgA2 molecule (reviewed in references 14,
26, and 27). The resulting Fab fragments have retained antigen
binding capacity, whereas Fc-mediated effector functions are
eliminated. A number of human pathogens, including Strepto-
coccus pneumoniae, Haemophilus influenzae, Neisseria menin-
gitidis, Neisseria gonorrhoeae, and Ureaplasma urealyticum,
which infect and invade mucosal membranes, are known to
have IgAl-cleaving activity. In addition, species of Prevotella
and Capnocytophaga, which are suspected periodontal patho-
gens, as well as three streptococcal species that are commen-
sals of the upper respiratory tract, Streptococcus sanguis, Strep-
tococcus mitis biovar 1, and Streptococcus oralis, secrete IgAl
protease. All streptococcal IgAl proteases cleave the same
Pro-Thr bond at positions 227 and 228 in the hinge region of
human IgAl, which is the only known substrate.

Human IgAl-cleaving activity has evolved among bacteria
through convergent evolution in at least three independent
lines, as the enzymes belong to three different classes of pro-
teinases. Cloning and characterization of iga genes encoding
IgA1 protease have confirmed that the proteases of Haemophi-
lus and Neisseria spp. are genetically related serine proteases
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(3, 20, 28, 29), whereas that of S. sanguis is a Zn-metallopro-
teinase (8). The pneumococcal IgAl protease has also been
classified as a metalloproteinase, as it is inhibited by EDTA
(13), and the enzymes from some strains show an antigenic
relationship to that of S. sanguis (19), although DNA:DNA
hybridization studies indicated that the two IgA1 proteases are
not closely related at the gene level (7). On the basis of inhi-
bition studies, the IgA1 protease of Prevotella melaninogenica
has been classified as a cysteine proteinase (25).

Considerable diversity among the IgAl proteases from S.
pneumoniae has been demonstrated with enzyme-neutralizing
antibodies raised in rabbits against selected IgA1l proteases
(18). By this method several serologically distinct versions,
termed inhibition types, of pneumococcal IgA1 proteases were
identified. A similar serological heterogeneity of the IgAl pro-
tease has been observed among H. influenzae strains (16) and
appears to serve immune escape purposes by allowing a suc-
cession of clones of the same species to colonize one host (21).

Because of the specificity for human IgAl, no relevant ani-
mal model is available to test the biological function of the
IgAl proteases. However, several lines of indirect evidence
suggest that IgA1 protease activity enables bacteria to evade
the mucosal immune barrier and is an important colonization
factor. A hypothetical model suggesting an essential role of the
IgA1l proteases in certain invasive infectious diseases has been
proposed (15).

The emerging problems with antibiotic resistance among S.
pneumoniae strains (2) have raised an urgent need for a better
understanding of the pathogenesis of this important human
pathogen. To elucidate the phylogeny, characteristics, and bi-
ological significance of the pneumococcal IgA1l protease, we
have cloned and sequenced the corresponding iga gene from a
clinical isolate of S. pneumoniae and examined its translation
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TABLE 1. Characteristics of streptococcal strains used

IgAl protease

Bacterial strain Serotype or biovar

activity”
S. pneumoniae
PK76 Capsular serotype 3 + (3)
PK80 Capsular serotype 7F + (8)
PK81 Capsular serotype 14 + (9)
PK85 Capsular serotype 19F + (15)
PK88 Capsular serotype 23F + (4)
PK89 Capsular serotype 14 +(9)
PK90 Capsular serotype 6B + (4)
PK91 Capsular serotype 6B + (6)
PK92 Capsular serotype 14 + (10)
PK93 Capsular serotype 18C + (11)
S. sanguis SK1 +
(ATCC 10556)
S. oralis SK2 +
(ATCC 10557)
S. mitis
SK141 Biovar 1 +
SK149 Biovar 2 -

“ Numbers in parentheses indicate the inhibition type detected by enzyme
neutralization assays (18).

product. The gene sequence is compared with the published
sequence of the iga gene of S. sanguis.

MATERIALS AND METHODS

Bacterial strains and cloning vectors. The streptococcal strains used in this
study are listed in Table 1. The streptococci were grown at 37°C in an atmosphere
of air plus 5% CO, on blood agar and in 2X YT medium (33). The latter medium
is devoid of high-molecular-weight proteins. Bacteriophage NL47.1 (17) was used
as a BamHI substitution vector, and recombinant phages were plated on Esch-
erichia coli K802 (37) as described previously (33). E. coli XL1-Blue (Stratagene,
La Jolla, Calif.) was used as a host for M13mp18 and M13mp19 derivatives (38)
as well as for recombinant forms of pBluescriptIl SK and KS (Stratagene). E. coli
XL1-Blue derivatives were grown in 2X YT medium supplemented with antibi-
otics when appropriate.

DNA isolation, Southern blotting, and hybridizations. Whole-cell DNA was
isolated as described previously (10). Briefly, the cells were washed in Nas-citrate
buffer, treated with lysozyme, lysed with sodium dodecyl sulfate (SDS), digested
with proteinase K, and extracted with phenol-chloroform. Nucleic acids were
eventually precipitated with ethanol. The DNA was dissolved in TE buffer (1 mM
EDTA, 10 mM Tris-HCI, pH 7.4), and the quality and quantity were examined
by agarose gel electrophoresis. For Southern blot analysis, approximately 2 g of
whole-cell DNA was digested with EcoRI as recommended (Boehringer Mann-
heim, Mannheim, Germany). After treatment with RNase (DNase free; Boehr-
inger Mannheim), the DNA fragments were electrophoresed in a 1% agarose gel
and subsequently transferred and fixed onto Nytran nylon membranes (Schlei-
cher & Schuell, Keene, N.H.). Hybridizations were performed as described
previously (33) except that the membranes were soaked in 1% Triton X-100 prior
to prehybridization and 0.05% sodium pyrophosphate was included in all hybrid-
ization and washing buffers. Highly stringent hybridizations were performed at
65°C, and the final posthybridization wash was at 65°C in 0.5X SET (1X SET is
0.15 M NaCl, 0.5 mM EDTA, and 20 mM Tris-HCI; pH 7.0) with 0.1% SDS and
0.05% sodium pyrophosphate. Hybridizations at low stringency included prehy-
bridization at 65°C and hybridization at temperatures declining from 65 to 45°C
over a period of 8 h followed by posthybridization washes in 4X SET-0.1%
SDS-0.05% sodium pyrophosphate at 45°C. For rehybridization, the filter was
soaked in boiling 0.1% SDS for 10 min to remove previously hybridizing probe.

Two hybridization probes representing the S. sanguis iga gene were used. The
two DNA fragments consisted of genomic DNA from S. sanguis ATCC 10556
amplified by PCR and cloned into plasmid PCR by using the TA-Cloning kit
(R&D Systems Europe Ltd., Abingdon, United Kingdom). The two pairs of PCR
primers were chosen according to the published nucleotide sequence of the S.
sanguis iga gene and represented bp 571 to 3395 and bp 3369 to 5702, respectively
(8). The hybridization probe representing the S. pneumoniae iga gene consisted
of fragments of the recombinant phage APK81iga-1, isolated in this study, sub-
cloned into plasmids as described below. Vector sequences were removed from
the DNA probes by digestion with appropriate restriction enzymes followed by
agarose gel electrophoresis and elution with the Gene Clean Kit (BIO 101, Vista,
Calif.). The DNA fragments used as probes were labelled with [a-*?P]dATP by
nick translation (33).

Construction and screening of the S. pneumoniae PK81 genomic library. A
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Sau3A partial digest of whole-cell DNA from S. pneumoniae PK81 was fraction-
ated by agarose gel electrophoresis. Fragments in the size range from 12 to 20 kb
were extracted from the gel by electroelution and used to prepare a genomic
library by using ALL47.1 as a BarmHI substitution vector. Positive plaques among
the recombinant phages packaged in vitro as described previously (33) with
Gigapack II Packaging Extracts (Stratagene) and plated on E. coli K802 were
identified by in situ hybridization with two DNA fragments labelled with
[«->2P]dATP by nick translation as probes. The low-stringency conditions used in
the hybridization were as described above. Positive plaques were purified by
replating on E. coli K802, and DNA was isolated from 20-ml phage cultures (24).

PCR. For amplification of genomic DNA sequences, we used 27-mer oligo-
nucleotides as primers and Tag DNA polymerase (Life Technologies) as recom-
mended by the supplier. The thermocycling program consisted of denaturation
for 5 min at 94°C, 30 cycles of denaturation at 94°C for 1 min, annealing at 60°C
for 1 min, and extension at 72°C for 2 min followed by extension at 72°C for 7
min.

DNA sequencing. Restriction fragments of NPK81iga-1 were ligated into the
vectors M13mp18/19 and pBluescriptII (SK/KS) by using appropriate restriction
sites and transformed into E. coli XL1-Blue. DNAs of individual clones were
sequenced from single-stranded M13 DNA or from double-stranded plasmid
DNA with an Applied Biosystems model 373A DNA sequencer, using the Tag
DyeDeoxy-Terminator Cycle Sequencing Kit (Perkin-Elmer, Foster City, Calif.).
The sequence of the iga gene was determined by using the universal sequencing
primers as well as synthetic oligonucleotides designed on the basis of the previ-
ous sequence. The DNA sequence was determined for both strands of the iga
gene. Computer analysis of the resulting sequence was performed with the
Genetics Computer Group (University of Wisconsin, Madison) package.

SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were sepa-
rated on 1-mm-thick SDS-polyacrylamide gradient gels (4 to 10% polyacryl-
amide; 7 by 8 cm) as described previously (1) and either visualized by staining
with Coomassie brilliant blue or renatured for subsequent analysis of IgAl-
cleaving activity (see below).

IgA1 protease assays. [gAl-cleaving activity was detected by immunoelectro-
phoresis or enzyme-linked immunosorbent assay (ELISA) analysis of human
IgA1 myeloma protein solutions incubated overnight at 37°C with the sample as
previously described (23, 30). The titer of IgA1 protease activity was determined
as the reciprocal of the dilution that caused cleavage of 50% of substrate IgA1l
as measured by ELISA (30). For detection of IgA1 protease activity after SDS-
PAGE, inhibition of SDS was overcome and proteins were renatured by incu-
bation for 2 h at room temperature in 50 mM Tris-HCI (pH 7.4)-0.154 M NaCl
(TS) containing 1% Triton X-100 and 0.5% bovine serum albumin (32). Subse-
quently, excess fluid was drained off and the gel was laid on a polyvinylidene
difluoride membrane (pore size, 0.45 um; Millipore, Bedford, Mass.) onto which
human myeloma IgA1 had been immobilized in advance by the following pro-
cedure: the membrane was (i) wetted in alcohol, washed in water, and then
incubated for 1 h with rabbit antibody directed against mouse immunoglobulin
(code Z0259; DAKO, Glostrup, Denmark) diluted 1:500 in 15 ml of TS, (ii)
washed (four times for 5 min each in TS containing 0.15% Tween 20 [TTS]) and
incubated for 2 h with a murine monoclonal antibody recognizing the Fc,
fragment of human IgA1 (code M0728; DAKO) diluted 1:200 in TTS, and (iii)
washed in TTS and incubated for 2 h in purified human myeloma IgA1(k) (30)
at 50 pg/ml in TTS and finally washed. In principle, this procedure was adopted
from the ELISA for titrating IgA1 protease activity (30). The proteins in the gel
were allowed to react with IgA1 on the membrane for 20 to 60 min at 37°C in a
humid chamber. After the membrane was washed, cleavage of IgA1 was visual-
ized by incubation with peroxidase-conjugated rabbit antibody to human « light
chains (code P0129; DAKO) diluted 1:1,000 in TTS, followed by washing first in
TTS then in 50 mM Na-acetate (pH 5.5) and development with a chromogenic
substrate of 0.004% 3-amino-9-ethyl carbazole and 0.015% H,O, in 0.05 M
Na-acetate (pH 5.5) (4). In this assay IgA1 protease activity in the gel is reflected
as a loss of light chains (as part of Fab fragments) and detected on the membrane
as a lack of staining on a red background. To allow for estimation of molecular
masses, gel lanes containing molecular mass standards were stained with Coo-
massie brilliant blue and then equilibrated in the buffer used for renaturation of
proteins in the gel. Theoretically, decreased staining of the membrane could also
be due to proteolysis by IgA1 protease-unrelated proteins in the gel of either of
the two antibodies that connect the human IgA1 molecules to the membrane. To
assay for this possibility, an SDS-PAGE gel of a crude preparation of IgAl
protease from S. pneumoniae PK81 was renatured as described above and incu-
bated for 60 min in direct contact with a membrane sequentially incubated with
rabbit anti-mouse immunoglobulin and the murine monoclonal antibody recog-
nizing the Fc, fragment as described above. After being removed from the gel
and washed, the membrane was incubated with the human IgA1l myeloma pro-
tein and then with the conjugated rabbit anti-kappa light-chain antibody and
finally washed and developed as described above. No areas of the filter with
decreased staining were observed. Thus, the lack of reaction observed when IgA1l
protease activity was assayed after SDS-PAGE of crude preparations of proteins
from S. pneumoniae PK81 does represent specific cleavage of human IgA1.

Preparation of IgAl protease from S. pneumoniae. The proteins in 1 liter of
culture supernatant were precipitated by adding ammonium sulfate to 60%
saturation. After centrifugation, the pellet was dissolved in 5 ml of 0.05 M
Tris-HCI (pH 8.2) and loaded onto a column (1.6 by 50 cm) of Sepharose 12



VoL. 64, 1996

(prep grade; Pharmacia, Uppsala, Sweden). Upon elution with the same buffer,
fractions were assayed for IgA1 protease activity, and the peak fractions were
pooled and subjected to ion-exchange chromatography on a Mono Q HR 5/5
column (Pharmacia) which was eluted with a linear gradient of 0 to 0.5 M NaCl
in 0.05 M Tris-HCI (pH 8.2). The titer of IgA1 protease activity in each of the
resulting 0.5-ml fractions was determined as described above.

Secreted proteins of eight pneumococcal strains were concentrated approxi-
mately 50-fold by size exclusion centrifugation of the culture supernatant with
Centriprep concentrators (Amicon, Beverly, Mass.) and used for IgAl protease
assay. The titers of the resulting IgA1 protease preparations were approximately
250.

Nucleotide sequence accession number. The nucleotide sequence of the iga
gene of S. pneumoniae PK81 reported here has been deposited in the EMBL
nucleotide sequence database under accession number X94909.

RESULTS

Cloning and isolation of the pneumococcal iga gene. The
IgA1 proteases of S. sanguis and S. pneumoniae are both met-
alloproteinases which cleave the same peptide bond in human
IgAl. Despite these common characteristics, Gilbert et al.
found that the cloned IgAl protease gene, iga, of S. sanguis had
no detectable homology to the S. pneumoniae iga gene as
revealed by lack of hybridization to pneumococcal DNA, even
under low-stringency conditions (7). We reexamined this by
using low stringency hybridization conditions including a se-
quential decrease in hybridization temperature, which presum-
ably favors specific annealing. In Southern blot analyses of
EcoRlI-digested whole-cell DNA of S. pneumoniae PKS81, we
used as probes two DNA fragments representing each half of
the S. sanguis iga gene prepared by PCR. Each probe recog-
nized one and the same EcoRI fragment of 11 kb, indicating
that the hybridizations were specific for the pneumococcal iga
gene (data not shown).

A gene library of partially Sau3A-digested whole-cell DNA
of S. pneumoniae PK81 was constructed in E. coli K802 by
using the vector N\L47.1. The two fragments of the S. sanguis iga
gene were used together as DNA probes to screen this
genomic library under low-stringency conditions. Three posi-
tive plaques were isolated and selected for further analysis.
Liquid E. coli lysates generated by two of these recombinant
phages, ANPK81iga-1 and NPK81liga-5, were found to possess
IgAl-cleaving activity as demonstrated by immunoelectro-
phoresis of human IgA1 incubated with the supernatants. This
confirms the cloning of the IgA1l protease gene. The lysate
generated by the third phage, N\PK81iga-3, had no detectable
IgAl-cleaving activity. DNAs from the three clones were char-
acterized by mapping sites for the restriction enzymes EcoRI,
HindIll, and BamHI. As shown in Fig. 1, the restriction maps
of the three phage inserts overlap, suggesting that the iga gene
in S. pneumoniae PK81 is a single-copy gene. The localization
and orientation of the iga gene within the recombinant phages
were determined by Southern blot analysis of EcoRI-,
HindIII-, and BamHI-restricted phage DNA with the individ-
ual S. sanguis iga gene fragments as probes and hybridization
conditions previously described. The lack of IgAl-cleaving ac-
tivity in the lysate generated by APKS81liga-3 is presumably
caused by the lack of the 3’ part of the iga gene in this phage.

DNA sequence analysis. Appropriate DNA restriction frag-
ments of \PK81iga-1 were subcloned into phage M13 or plas-
mid pBluescriptll, and both strands of the region shown in Fig.
1 were sequenced. The resulting 6,478-nucleotide sequence
(Fig. 2) contains a large open reading frame (nucleotides 259
to 6,039) encoding a deduced polypeptide of 1,927 amino acids
with an M, of 215,023 and a pI of 5.61. The open reading frame
is preceded by a typical ribosome binding site (Shine-Dalgarno
sequence) (34). Just upstream, the sequence TAAATT is in an
appropriate position and contains the four best conserved nu-
cleotides of the consensus —10 promoter region (6, 9), whereas

S. PNEUMONIAE 1gAl PROTEASE GENE 3959

A Activity
HE E BE H H HEH
L1 1 1l | J LLL APKstiga-1 +
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L L L —LLL APK8liga-5 +
B 5 zzzzzzzzzzzzZZZZZA 3
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—t———+—+—+—t+—+—+—+—+—+—+—+—+—+—+—+—+— kilobases
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FIG. 1. Structure of the S. pneumoniae PK81 iga gene. (A) Restriction maps
of the three recombinant lambda phage inserts analyzed with homology to the S.
sanguis iga gene probes. Symbols: E, EcoRI; H, HindIll; B, BamHI; + or —,
presence or absence, respectively, of IgAl-cleaving activity in culture superna-
tants of E. coli infected with the individual recombinant phages. (B) Restriction
fragments hybridizing to the two iga gene probes from S. sanguis. The deduced
orientation of the iga gene is indicated by 5’ and 3’. (C) The region of the
pneumococcal iga gene sequenced in this study.

a —35 promoter sequence is not evident. An inverted repeat
structure downstream of the open reading frame may consti-
tute a rho-independent transcription terminator. The codon
usage of the open reading frame is similar to that reported for
other pneumococcal genes (22) as well as to that of the S.
sanguis iga gene (8). The open reading frame has a GC content
of 37.0%, which is close to the 38.5% estimated for the S.
pneumoniae genome by chemical analysis (31). The low GC
content is caused by a codon usage biased towards codons with
adenine and thymine in the second and third nucleotide posi-
tions, with such codons representing 65.4 and 73.1%, respec-
tively, whereas the frequency of codons with adenine or thy-
mine in the first position is 50.4%.

Homology between the cloned pneumococcal iga gene and
other streptococcal iga genes. Alignment of the nucleotide
sequence of the S. pneumoniae PKS81 iga gene and the pub-
lished S. sanguis iga gene sequence (8) revealed that the genes
are approximately 70% homologous. The previously observed
failure of the two iga genes to cross-hybridize (7) is conceivably
due to the very few long stretches (i.e., more than 20 nucleo-
tides) of identical sequence in the two genes (results not
shown). In the regions flanking the iga gene we detected no
significant homology between the two species.

The iga genes of an additional nine S. pneumoniae strains
were examined by using the iga gene of strain PKS81 (from the
Mspl site around position 1728 to the Hinfl site around posi-
tion 6159 in Fig. 2) as a probe in Southern blot analysis of
EcoRlI-restricted whole-cell DNA (Fig. 3). In genomic DNAs
from 7 of the 10 pneumococcal strains analyzed, the iga gene
probe hybridized with a single fragment. In DNAs of the re-
maining three strains, additional fragments were recognized by
the probe, presumably because of the presence of an EcoRI
site within the iga gene combined with incomplete digestion of
the genomic DNAs of two strains (PK88 and PKS85). These
results are consistent with the iga gene being a single-copy
gene. The sizes of EcoRI restriction fragments hybridizing to
the PK81 iga gene probe varied among the strains, except for
two isolates (PK81 and PK89) which were both of capsular
serotype 14. These two strains presumably represent the same
clonal type, as they have previously been assigned to closely
related multilocus enzyme electrophoretic types and produce
the same antigenic version of the IgAl protease (18). The
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1 GAATTCTCCTCAACTGCCTCARACCATTTTTAGAACGATTAGTGATATGAGTAACACCTACCGTGTARATTTCATGGTAGGTGTTATTGTACCTCCARATAATATARAACAARGTATGAA 120
0

121 AGTGCATCTCAATTTTARGACTTTTTTGTARATTAAGAGTATARTTAAGGTATACTGCCTTTTCTATAGATAATAGATAATACACTAATATAATAARGGTCTTTGTAACATATATARATT 240
SD . . . . . . . . . . .

241 TTATTTCAAGGAGGAATAATGGARRAGTATTTTGGTGARARAACAAGAGCGTTTTTCATTTAGAAAATTATCAGTAGGACTTGTATCTGCARCGATTTCAAGTTTATTTTTTATGTCTGTA 360

M E K Y F 6 E K Q ERF s F RKULS V GVLUV S ATTIS S ULFFMSV 34
361 TTAGCTAGTTCATCTGTGGATGCTCAAGARRCTGCGGGAGTTCACTATAAATATGTGGCAGATTCAGAGCTATCATCAGAAGARARGARGCAGCTTGTCTATGATATTCCGACATACGTG 480
35LI\SSSVDATQETAGVHYKYVADSELSSEEKKQLVYDIPTTYV 74

S - . . . B

481 GAGAATGATGATGARACTTATTATCTTGTTTATAAGTTAAATTCTCRAAATCAACTGGCGGAATTACCAAATACTGGARGCAAGAATGAGAGGCARGCCCTAGTTGCTGGTGCTAGCTTA 600
7 E N D D E T Y Y L V Y KL NS QNQULA ATETLUTPNTGS S KNTETZRIU QA ALUVA AGA AT S L 114
601 GCTGCTCTGGGAATTTTAATTTTTGCTGTTTCCAAGAAAARGGTTARGARTAARACGGTATTACATTTAGTATTGGTTGCGGGARTAGGARAATGGTGTCTTAGTTTCAGTCCATGCTTTA 720
115 A A L G I L I F A V S K K KV KN KT VL HULVULVAGTIGNSGU VULV S VHATL 154
721 GAARATCATCTTTTGCTARATTACAATACGGACTATGAATTGACCTCTGGAGARRAATTACCTCTTCCTARAGAGATTTCAGGTTACACTTATATTGGATATATCAAAGAGGGAAAAACG 840
156 E N H L L L N Y N T D Y E L T S G E KL P L P KE I S G Y TVYTI G Y I KEGTIKT 194
841 ACTTCTGATTTTCAAGTAAGTAATCARGAAARRATCAGCAGCCACTCCTACAARACAACARARGGTGGATTATAATGTTACACCAAATTTTGTAGACCATCCATCRAACAGTACRAGCTATT 960
195TSDFEVSNQEKSABTPTTKQQKVDYNVTPNFVDHPSTVQAI 234
961 CAGGAACAAACACCTGTTTCTTCAACTAAGCCGACAGAAGTTCAAGTAGTTGAAAAACCTTTCTCTACTGAATTAATCMTCCMGMMGAAGAGMACMTCTTCAGRTTCTCMGM 1080
235QEQTPVSSTKPTTEVQVVEKPFSTELINPRKEEKQSSDSQE 274
1081 CAATTAGCCGARCATAAGAATCTAGARACGARGAAAGAGGAGAAGATTTCTCCARARGARAAGACTGGGGTARATACATTARATCCACAGGATGAAGT TTTATCAGGTCARTTGAACARR 1200
27 Q L A E H K N L E T K K E E K I S P K E KT G V NTULNUPGQDE VL S G Q L N K 314
1201 CCTGAACTCTTATATCGTGAGGAAACTATAGAGACAAARATAGATTTTCAARGAAGAAATTCAAGARAATCCTGATTTAGCTGAAGGAACTGTAAGAGTARAACARGAAGGTARATTAGGT 1320
35 P E L L Y R EE T I ETXK I DF Q EE I Q ENUPUDIULA AETGTVU RV KIGQETGTI KL G 354
1321 AAGAAARGTTGAAATCGTCAGAATATTCTCTGTAAARCAARGGAAGAAGTTTCGCGAGARATTGTTTCAACTTCAACGACTGCGCCTAGTCCARGAATAGTCGARRAAGGTACTARARRARCT 1440
355KKVEIVRX.FSVNKEEVSREIVSTSTTAPTSPRIVEKGTKKT 394

1441 CAAGTTATAAAGGAACAACCTGAGACTGGTGTBGAACATAAGGI\CGT}\CAGTCTGGAGCTATTGTTGMCCCGCMTTCAGCCTGAGTTGCCCGMGCTGTAGTAAGTGACMAGGCGM 1560
395 ¢ VvV I K E Q P E T G V E H KD V Q S GA I VEZP,A I 9P ELPEAW AV UV S DK G E 434
T

1561 CCAGAAGTTCAACCTACATTACCCGRAGCAGTTGTGACCGACAARGGTGAGCCCGCTGTCCAACCTGART TACCCGARGCAGTTGTAAGTGATARAGGTGAACCAGAGCAGGTAGCACCA 1680
43SPEVQP+TLPEAVV’I‘DKGEPAVQPELPE}\VVSDKGEPEQVRF 474

1681 TTGCCAGAATATAAGGGGMTATTGAGCMGTAAAACCTGAA}\CTCCGGTTGAGAAGACCAAAGAACAGGGTCCAGBMA}\ACGGMGMGTTCCAGTA}\AACCMCAG}\AGMACACCA 1800
475LPEYKGNIEQVKPETPVEKTKEQGPEKTEEVPVKPTTEE?P 514
1801 GTAAATCCAAATGAAGGTACTACAGAAGGAACCTCAATTCAAGGAGCAGAAAATCCAGTTCAACCTGCAGRAGATACACAARCAAACTCTGGGARRATAGCTARCGARRAATACTGGAGAR 1920
515 vV N P N E G T T E G T S I Q G A E N P V Q P A E D T QTN S G K I A NENT G E 554
1921 GTATCCAATAARCCTAGTGATTCAARACCACCAGTTGAAGAATCAAATCAACCAGAARRARRCGGARCTGCARCARAACCAGARARTTCAGGTARTACAACATCAGAGAATGGACARACA 2040
555VSNKP?SDSKPPVEESNQPEKNGTATKPENSGNTTSENGQT 594
2041 GAACCAGAACCATCAAARCGGAAATTCAACTGACGATGTTTCAACCAARTCARACACATCCAARTTCARATGGARACGARGAAATTARACAAGAARATGAACTAGACCCCGATARRAAGGTA 2160
595EPEPTSNGNSTEDVSTKSNTSNSNGNEEIKQENELDPDKKV 634
2161 GAAGATCCAGAGAAAACACTTGMTTAAGAAATG’X‘TTCCGACCTAG}\GTTATACAGTTTG'I‘CAAATGGTRCTTATAAACAACACATTTCGTTAGAGCAAGTTCCMGCMTCCAAATAGC 2280
635EDPEKTLELRNVSDLELYSLSNGTYKQHISLEQVPTSNPNS 674
2281 TACTTTGTTAARAGTGARATCTTCTTCATTCAAAGATGTATACCTACCAGTAGCATCAATATCAGAGGGAAGAARAAATGATARAATCCTTTATARAATCACAGCARARGTAGAGRAGCTT 2400
675 Y F V XK V XK S 8 8 F K D V Y L P VA S I s E GR KND K I L Y K I T AI KV E KL 714
2401 CAGCAGGAGATAGAAAGCAGATATAAAGATAATTTTACCTTCTATCTAGCTAAGAAGGGAACAGAAGAARACAACRAACTTTACTTCCTTTAGTARTCTGGTCAAAGCTATARACCARRAT 2520
715 Q Q E 1 E S R Y K D N F T F Y L A K K G TETETTNTFTSTFSNILVI KA ATINZIQN 754
2521 CTCTCTGGAACCTATCATTTAGGAGCTAGCCTGAATGCTAACGAAGTGGAGCTTAGTACTGATGATAAARTCCTATATCAAGGGAACCTTTACTGGTCAGTTGATTGGTGARARAGATGGT 2640
7 L. s 6 T Y H L G A S L NANZEUVETLSTUDUD K S Y I KGTTFTGUOQULTIGEKTDG 794

2641 AAGCATTATGCTATTTACAARCTTGAARARAGCCTCTTTTTGAAAACTTGAGTGGTGCTACAGTAGARARARCTGAGTCTARRRAATGTTGCTATTTCAGGGARARATGATATTGGTTCACTG 2760
79 K H Y A I Y NL K K P L F ENULS G ATUVETZKTULSTULI KNV VA ARTISSOGI KNUDTIGS L 834

2761 GCARATGAAGCTACGAATGGCACAAAGATTARACAAGTTCATGTTGATGGTGTTCTTGCTGGAGARCGTGGTGTCGGTGGTTTGTTGGCTAAGGCAGACCAATCARGCATCGCAGAGAGC 2880
83 A N E A T N G T K I XK Q VH VD G VLA GET RTGVTYVSGGLULA ATZ KA BATD QS SSTIATE S 874
2881 AGTTTCAAGGGAAGAATTGTCAATACCTATGAAACGACTGATTCCTACAARTATTGGCGGTCTGGTCGGTCATTTARCAGGAARAAATGCGTCTATTGCTARAATCCARAGCGACAGTAACC 3000
875 s F K G R I V N T Y E T TD S Y NI G G LV GHU LTGI KN NA BAZSTIA AI KSI KA BATUVT 914

3001 ATTTCGTCAARCACCAATAGGTCAGATCAGACTGTCGGTGGTCTTGCAGGTCTAGTAGACCGAGATGCACAGATCCARGATAGCTATGCTGARGGTGATATCAACRATGTCARGCACTTT - 3120
915 1 S 8 N T N R S D Q TV GG G LA GULVYV DRUDA A QTIOQDS YA AETGDTINNINVIKHTF 954

3121 GGTAGRGTCGCTGGAGTGGCAGGCAATTTGTGGGATCGARCTTCTGGTGATGTTAGGCATGCTGGAAGT TTGACCAATGTTCTCAGCGATGTTAATGTAACAARCGGARATGCCATCACT 3240
95 ¢ R V AR G V A G N L W DR T S 6D VRHAGSLTNUVILSUDUVNUVTNGNA RTIT 994
3241 GGATACCACTATACAGGAATGAAGGTAGCTAATACATTTAGTAGTAAGGCTAATAGAGTTTTCAATGTCACTTTAGAGAAGAATGAGGTCGTCAGCARAGAATCCTTCGAGGARAGAGGA 3360
995 6 Y H Y T G M K V A NTF S S KA NRUV F NVTULET KNTEUVV S KETST FETETRSGC 1034
3361 ACAATGCTAGATGCTTCTCARATTGCAAGCAAARARGCAGARATCAATCTTATCACTCCACCAATAGTGGAACCCCTCTCAACAAGCGGTARAGARAGACAGTGATTTTTCTARGATAGCC 3480
103 T M L D A S Q I A S K KA E I N L I TPUP I VEZPTILSTSGKZ KD S DF S K IA 1074
3481 CATTATCAAGCCAACCGTGCTTTGGTTTATAAGAACATTGARAAATTGTTACCTTTCTATAACAAGGCGACCATCGTGARATACGGARACCTGGTTAAGGAGARCAGTATCTTATATCAR 3600
107 H Y Q A N R A L V Y X N I E KL L P F Y N KA ATTI V K Y G NULUV K ENSTITLYOQ 1114
3601 AAAGARCTCTTGTCTGCAGTTATGATGAAGGATGACCAAGTAATCACAGATATTATTTCCAACARRCAGACTGCAAACAAACTCTTGCTTCACTACAAGGACCATTCATCTGAARAGTTT 3720
1115 K E L L S A V M M K D D Q V I T D I I 8 N K Q T A N K L L L HY K D H S S E K F 1154
3721 GATCTCAGGTACCAGGCTGATTTTGCCAATTTGGCAGAATATAGCATTGGAGATAGTGGGCTTCTCTATACGCCARATCAATTCTTGTATCATCAAGATTCTATTATTARCCAAGTGCTG 3840
1156 p L R Y Q A D F A N L A E Y 8 I 6 D 8 G L L YTUPNIGQTFULVYUHOQDS I INZGQUVL 1194
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3841 CCTGRATTGAATCGAGTAARATTATCAATCAGATGCTGTTAGAAATACACTTGGAATTTCACCAGARGTGAAGCTAACGGAGTTATATCTTGAAGAACAATTTACCARAACGARARGAGCAT 3960
119 P E L N R V N Y 0 S D AV R NTUL G I S P EV KL TETULTYULETETU QT FTIKTZKEH 1234
3961 CTAGCAGAGAACTTGAAARARACTTTTATCATCTGATGCAGGTTTAGTAACAGACAATGAARGTTATGACAGGATATATAATAGATAARATTARACGGAATAAGGAAGCCTTACTTCTTGGA 4080
123 L. A E N L K KL L S S DAGULVTODNEUVMTGY YTIIDIEKTIE KRNI EKTEA ATILILTLG 1274
4081 ATGAGTTATTTAGAARCGTTGGTATAACTTTAGCTATGGTCAAGTGAATGTCARAGACCTAGTTATGTATCATCCGGACTTCTTTGGTAAAGGARATACTTCACCATTAGATACTCTGATT 4200
127 M s Y L E R W Y N F S Y G Q V NV KD L VM Y HPDTF F G XK GNTSUPIULUDTTLI 1314
4201 GAGTTAGGTAAATCTGGCTTTAACAATCTTCTTGCTAARAACAATGTCGATACTTATGCTATCAGCCTTGCCAGCCATCATGGARCGACAGATTTGTTTAGCACGTTGGARAARTTACCGA 4320
1315 E L 6 K S G F N N L L A K NNV DT YA TI SLASHHGTTUDULTF S TULENTYR 1354
4321 ARAGTCTTTCTACCAGATARRACCAATAATGACTGGTTTAAATCACAGACTARGGCTTACATTGTCGAAGARRAATCCAATATCGARGAGGTGARARCGRAAGCAAGGACTAGTTGGCACT 4440
135 K VvV F L P D K T N N D W F K S Q@ T KR Y I V EE XK S NIUETZEUVIKTIZXKSGQGULUVGT 1394
4441 ARGTATTCTATTGGTGTCTATGACCGTATCACTAGTGCCACATGGARATACCGTAATATGGTACTACCTCTACTTACCTTGCCAGARAGATCCGTATTTGTCATTTCARCCATATCTAGT 4560
1395 Kk Y s I G Vv Y D R I T S A T W K Y RNMUV L P L L TULUPEU®RSUVF VI STTI S S 1434
4561 CTAGGTTTTGGTGCTTATGATCGCTATCGTAATAAAGAACATCARGCAARTGGTGATCTTARTAGCTTTGTTGARAAGAGTGCTCACGARACAGCAGAGCGTCAACGAGATCACTATGAT 4680
1435 L 6 F G A Y D R Y R N K E H'Q A NG D VLN S F VEJX S A HETA ATETZRTU QR RTUDUHTYTD 1474
4681 TATTGGTATCGTATTCTAGATGAARARAGGGCGTGAARAGCTTTATCGARATATCTTGCTTTATGATGCCTATARATTTGGAACTAATCATACTGAAGGAARGGCTACAGAAGTAGCAGAT 4800
147 Y W Y R I L D E K G R E KL Y RNTIULL Y DAY KT FGTNU HTETGTI KA ATTEUVATD 1514
4801 TTTGATAGTCCAAATCCTGCAATGARACATTTCTTTGGACCTGTTGGAARTAAGGTTGGACATAATGGACATGGTGCTTATGCTACAGGGGATGCAGTATATTATATGGGGTATCGCATG 4920
1515 F D S P N P A M KHF F GP V GN KV GHNGHGA ATYA AT GD AV Y YMGOGYURM 1554
4921 CTAGATAAGGATGGAGCTATTACGTATACTCATGAGATGACGCATAARTTCAGATCAAGATATTTATCTTGGTGGTTATGGRAGAAGARGTGGACTTGGACCTGAGTTCTTTGCTARAGGC 5040
1556 L. D K D 6 A I T Y T H E M T H N S D Q DI YL G G6Y GURU RS G UL GUPETFTFATZKGC 1594

. . ¥ ¥ ¥ ¥ ¥ . . . . . - : .
5041 TTACTACARGCACCAGACCAACCAAGTGATGCAACGATTACTATCAATTCTATATTGAAACATTCARRATCTGATAGTARAGAAGGAGAACGATTACAAGTACTTGATCCAACTACGAGA 5160
159 L L Q A P D Q P S D AT I T I N S I L K H S K S DS KEGEUZRTULUOQOVULUDUPTTR 1634
5161 TTTAAAGACGCRACAGATCTTCARARATACGTCCACAATATGTTTGATGITGTTTATATGTTGGAATATCTCGAAGGTARATCTATTGTTAAGAAATTARATGTATATCAGAAAATAGAR 5280
1635 F K D A T D L Q K Y V H N M F DV V Y MULETYULETSGI KSTIVZ X KTULNUVYQIZ KIE 1674
5281 GCTCTCAGARARRTCGAGARCCAATATCTARCAGATCCTGCTGATGGARATGATGTTTATGCTACTAATGTTGTGARAAATTTGACTGAAGATGARGCTARARAATTGACGAGCTTTGAT 5400
1675 A L R K I E N Q Y L T D P A D G N DV YA TNUVV KNTUZLTETDTEA ATI KI KTLTS F D 1714
5401 AGTTTGATTGACAATAACATTCTTTCGGCTCGTGAGTATAAGGCTGGCACTTATGAGAGARATGGCTACTTTACTATAARRCTCTTTGCACCAATCTTTTCAGCATTGAGCGGTGAGARA 5520
1715 s L 1 D N N I L S A R E Y KA G T Y ERNGYFTIIEKULTFA APTITF S ALSGE K 1754
5521 GGAACTCCAGGTGACCTTATGGGACGARGGATAGCTTTTGAACTTCTAGCTGCTAAAGGATTTARAGATGGTATGGTACCATATATTTCCAACCARTACGARAGARGATGCTARACAACAR 5640
17 6 T P ¢ D L M 6 R R I A F E L L A A K G F K D G MV P Y I S NQVYETETDIA AI KUOQSQQ 1794
5641 GGGCARACTATCAATCTTTATGGTARAGAACGGGGCTTGGTGACCCATGAGCT TGTTTTGARARAAGGTATT TGATGGTAAGTATARAACTTGGGCAGAATTTARGACAGCTATGTACCAR 5760
1795 ¢ Q@ T I N L Y G K E R 6 L V T D E L V L K KV F D G K Y K T WA ETF KT AMTY Q 1834
5761 GRAACGGGTGGATCAGTTTGGAAACTTGAAGCAGGTGACCTTTARAGATCCGACARARACCATGGCCARGATATGGCACAARAGACTATCAATARTGTGGATGAATTGCAGAAACTAATGGAT 5880
1835 E R V D Q F 6 N L K Q VT F K D P T K P W PR Y G TIKTTINNUVYVDTETLTUGQI KTLMD 1874
5881 GARAGCTGTTTTGCAGGATGCAAAAGAACGTAATTATTATTATTGGAATARCTATAARTCCAGARACGGACAGTGCCGTCCATARGTTGAAGAGAGCARTCTTTARAGCCTATCTTGACCAR 6000
1875 E A V L Q D A K E R N Y Y Y WNNZYNUPETUDSAUVHTIEKTLIEKZ RATITFI KA BATYTLTDQ 1914
. . . . . - . . . . < _

6001 ACARATGATTTTAGAAGATCAATTTTTGAGAATAAAAAATAGTGTTTACTATTAGGARATARAAAGTGAATGTGGAGGATTAGAATTCTCATTATTARAAAAARGATARATTTTCCATTCG 6120
1915 T N D F R R 8 I F E N K K e 1954
6121 GARAATAARGGGTATTGTTGGTTCGGTATTCTTGGGGAGTCTTTTATTTGCACCGTCAGTTGTTGGTACATCGACTTATCATTACTTAGATTATAGTACTTTGACACAAACTGARCGTGT 6240
6241 TCAACTCAAACARGGTAGACCTGATGAATCAARAAGAGTCATATGCTTTGGTTTATGARARAGACGCATTACCARRCACAGGAAGTTCTCAATCTATTATGACTGCATTGGGTTTGTTAGC 6360
6361 TATCGGGAGTCTTATTGTGATTATCACAAAAGATAAAAAGAGGAARRRAATCGCTACATTTTTGATTGTAGGGGCGACAGGTTTAGTTACACTATCAACTGCTTCAGCACTTRATTTG 6478

FIG. 2. Nucleotide sequence of the iga gene from S. pneumoniae PK81. The deduced amino acid sequence of the large open reading frame is shown below the gene
sequence. The stop codon is indicated by a dot. The proposed —10 promoter sequence and the putative Shine-Dalgarno sequence (SD) are overlined. The inverted
repeat structure, which is a possible rho-independent transcriptional terminator, is indicated by divergent arrows. The proposed cleavage site for the N-terminal signal
peptide is indicated by an arrow marked S. Vertical arrows indicate suggested autoproteolytic sites, and the zinc-binding motif is shown by stars below the sequence.

The repeat structure is underlined.

differences in intensity of hybridization among the pneumo-
coccal strains after low-stringency washing (Fig. 3A) can be
explained by differences in the amount of DNA applied to the
gel combined with incomplete transfer of large DNA frag-
ments.

Differences in response to posthybridization washing strin-
gency were used to assay for the degree of sequence homology
to the S. pneumoniae PK81 iga gene probe. As shown in Fig. 3,
all 10 pneumococcal iga genes tested had a high degree of
homology to the probe, as they hybridized even under high-
stringency washing conditions. However, the decline in the
hybridization signal as a result of more-stringent washing was
more pronounced for some strains (PK92, PK91, and PK80),
suggesting that there is a difference in homology to the probe
among the pneumococcal iga genes (Fig. 3B).

The Southern blot experiment also included strains repre-
senting each of the other three streptococcal species known to

produce IgAl protease activity, i.e., S. mitis biovar 1, S. oralis,
and S. sanguis. All three strains contained genomic DNA se-
quences with homology to the pneumococcal iga gene probe,
whereas a strain of S. mitis biovar 2, which is devoid of IgAl-
cleaving activity, did not (Fig. 3). The results of the hybridiza-
tion experiments including different conditions of stringency
indicate that the iga gene of S. pneumoniae PKS81 is highly
homologous to those of the S. oralis and S. mitis biovar 1
strains analyzed and more distantly related to the S. sanguis
ATCC 10556 iga gene.

The same Southern blot filter was used for hybridization
with the two S. sanguis iga gene fragments described above. In
genomic DNAs from the 10 S. pneumoniae strains as well as
the S. mitis biovar 1 strain, this iga gene probe hybridized to
EcoRI fragments of the same size as those recognized by the
PKS81 iga gene probe only when low-stringency washing condi-
tions were used, whereas the hybridization was washed off by
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FIG. 3. Southern hybridization analysis. Whole-cell DNA was digested with
EcoRI, gel electrophoresed, transferred to a nylon membrane, and hybridized
with the S. pneumoniae PK81 iga gene probe. Lanes: 1 to 10, S. pneumoniae
strains PK90, PK76, PK93, PK89, PK81, PK88, PK85, PK92, PK91, and PKS0,
respectively; 11, S. mitis SK149 (biovar 2); 12, S. mitis SK141 (biovar 1); 13, S.
oralis SK2; 14, S. sanguis SK1. Molecular size markers (in kilobases) are indi-
cated to the right. (A) Hybridization after low-stringency wash. (B) Hybridiza-
tion after high-stringency wash.

high-stringency conditions. In contrast, the S. sanguis iga gene
probe hybridized to the single EcoRI fragment of the S. oralis
genomic DNA even under high-stringency conditions, al-
though the intensity was highly reduced compared with that
under the low-stringency washing conditions (data not shown).

Homology between the S. pneumoniae and S. sanguis 1gAl
proteases. The deduced sequence of the translation product of
the S. pneumoniae PK81 IgAl protease gene is 64% identical
and 76% similar to that of the published S. sanguis IgA1 pro-
tease when aligned as shown in Fig. 4. The homology is un-
evenly distributed along the protein, with a pronounced diver-
sity including several insertions and deletions in the N-terminal
third. In contrast, only a few short gaps were introduced in the
sequences to obtain the alignment in the middle and C-termi-
nal parts of the proteins, except for the extreme C terminus,
which differed significantly. Notably, the zinc-binding sequence
is conserved in the two proteins (around amino acid 1565 in
Fig. 4), indicating that they have a common catalytic mecha-
nism. Like most extracellular proteins of streptococci, the two
IgA1 proteases contain no cysteine residues.

At the N terminus of the open reading frame shown in Fig.
2, a basic N-terminal region followed by a stretch of hydro-
phobic residues suggests the presence of a signal sequence with

INFECT. IMMUN.

a likely cleavage site at Ala-Gln in positions 42 and 43 (35).
Presumably, the S. sanguis IgAl pre-protease has a similar
signal peptide, since, as noted previously (8), the same struc-
tural features are found in the translation product deduced
from the S. sanguis iga gene, assuming that the translation
initiates at the methionine denoted position 1 in Fig. 4.

In the S. sanguis ATCC 10556 IgAl protease a highly uni-
form sequence of 20 amino acids is tandemly repeated 10 times
(amino acid positions 349 to 546 in the S. sanguis IgA1l pro-
tease sequence shown in Fig. 4) (8). In that area the two
streptococcal IgA1 proteases are quite different, and in the S.
pneumoniae protein a repeat structure of 17 amino acids is
present in three tandemly arranged copies (Fig. 2).

Crude preparation and analysis of the S. pneumoniae 1gA1
protease. The IgA1 protease of S. pneumoniae PK81 was pre-
pared by sequential gel filtration and anion-exchange chroma-
tography of culture supernatant proteins concentrated by am-
monium sulfate precipitation. The elution profile upon gel
filtration of the enzyme measured as IgA1-cleaving activity was
reasonably consistent with the M, predicted from the sequence
data. The two procedures of chromatography combined re-
sulted in a protease preparation with highly elevated activity.
The maximum titer of fractions resulting from anion-exchange
chromatography was 5,267, compared with 10 in the culture
supernatant. However, the IgAl-cleaving activity was eluted as
a broad peak at concentrations of NaCl ranging from 0.29 to
0.37 M, suggesting electrochemical heterogeneity of the IgAl
protease molecules.

Direct evidence for the presence of a diverse population of
IgA1l protease molecules in the eluent fractions was obtained
by SDS-PAGE and subsequent application of a novel assay for
detection of IgAl protease activity. With this technique, the
IgAl-cleaving activity could be ascribed to several distinct mo-
lecular species with Ms spanning the range from 135,000 to
220,000 (Fig. 5). Proteins with estimated molecular masses of
135, 150, and 220 kDa accounted for the major part of the
IgAl-cleaving activity. Comparison of the gel stained for total
protein (Fig. 5A) with the localization of IgA1-cleaving activity
(Fig. 5B and C) indicated that IgA1 protease was only a minor
constituent of the proteins in each of the eluent fractions.

An attempt to perform N-terminal amino acid sequencing
was unsuccessful because of the small amounts of proteins in
the bands in combination with their high molecular masses and
contamination with other proteins with similar mobilities.

The assay for detection of IgAl-cleaving activity after SDS-
PAGE was applied to the supernatants of an additional seven
strains of S. pneumoniae. In all strains, active IgAl protease
was present in several molecular forms (Fig. 6). Thus, the
presence of different sizes of the enzyme appears to be a
general feature in the species. Although the activity of a high-
molecular-weight form (M, = 200,000) was predominant in all
strains, the activity profiles suggested that the spectra of IgAl
protease molecules may differ among S. pneumoniae strains.

DISCUSSION

For a number of bacterial pathogens that colonize mucosal
surfaces, IgA1 protease production represents a putative viru-
lence factor. Notably, all of the three leading causes of bacte-
rial meningitis secrete IgA1 protease. In the present study we
have characterized an S. pneumoniae IgA1 protease gene, iga,
and its translation product.

In contrast to the case for previous studies (7), we were able
to detect specific hybridization of the S. sanguis iga gene with
pneumococcal DNA by using a low-stringency hybridization
protocol. This cross-hybridization was used to isolate the IgA1l
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1516 GPEFFAKGLLQAPDHPDDATITVNSILKYDKNDASEKSRLQVLDPTKRFONADDLKNYVHNMFDVIYMLEYLEGMSIVNRLSDVQKVNALRKIENKYVRD 1615
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FIG. 4. Amino acid sequence homology between the IgAl proteases of S. pneumoniae PK81 (upper sequence) (this study) and S. sanguis ATCC 10556 (lower
sequence) (8). The amino acid sequences were deduced from the iga gene sequences. Identical residues are indicated by broken bars, and functionally equivalent and
similar residues are indicated by double and single dots, respectively. Gaps introduced in the sequences to obtain maximal homology are shown by dots. An arrow
between positions 42 and 43 indicates the proposed cleavage site for the N-terminal signal peptide. The zinc-binding motif is shown by stars.
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FIG. 5. Molecular diversity of the IgA1 protease from S. pneumoniae PK81.
(A) SDS-PAGE followed by Coomassie blue staining of 10 consecutive eluent
fractions that constituted the peak of IgA1 protease activity upon ion-exchange
chromatography. The titer of activity is indicated below each lane, and the
mobilities of molecular mass markers (in kilodaltons) are shown to the right.
From each 0.5-ml fraction 10 pl was loaded onto the gel. (B and C) IgAl
protease activity assays of a gel identical to the one in panel A. The proteins in
the gel were renatured and placed for 20 min (B) or 60 min (C) on a filter coated
with human IgAl as described in Materials and Methods. IgAl-cleaving activity
was subsequently visualized on the filter by the lack of reaction with anti-light-
chain antibodies.

protease gene in an E. coli phage library of genomic DNA from
S. pneumoniae PK81. The nucleotide sequence of the iga gene
revealed a large open reading frame surrounded by regulatory
sequence elements typical of streptococcal genes (6). The pres-
ence of a typical —10 promoter sequence suggests that the
pneumococcal iga gene is not part of a larger operon as has
been suggested for the S. sanguis IgAl protease gene (8). A
biased codon usage implies that the GC content of the gene is
low and very similar to that of the pneumococcal genome,
suggesting that it is an ancient gene in the species, although it
may have been acquired by horizontal gene transfer from re-
lated streptococcal species.
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FIG. 6. IgAl-cleaving activities of different S. pneumoniae strains. Proteins in
the culture supernatant concentrated by size exclusion centrifugation were sep-
arated according to size by SDS-PAGE, renatured in the gel, and allowed to
react with human IgA1 bound to a filter for 60 min, and IgA1-cleaving activity
was subsequently visualized on the filter by the lack of reaction with anti-light-
chain antibodies as described in Materials and Methods. Lane 1, strain PK91;
lane 2, strain PK85; lane 3, strain PK80; lane 4, strain PK81; lane 5, strain PK93;
lane 6, strain PK90; lane 7, strain PK89; lane 8, strain PK88. Molecular mass
markers (in kilodaltons) are indicated to the right.

The amino acid sequence of the S. pneumoniae IgAl pro-
tease deduced from the iga gene sequence is homologous to
that of the S. sanguis IgA1 protease. The S. sanguis protease is
known to be a Zn-metalloproteinase (8), and the sequence
similarities indicate that the pneumococcal IgA1l protease has
the same catalytic mechanism, as the zinc-binding motif is
conserved in the two enzymes. This is in accordance with the
previous finding, based on inhibition studies, that the enzyme
is a metalloproteinase (13). The primary structures of the two
streptococcal IgA1l proteases show no similarity to those of the
functionally equivalent proteins from Haemophilus and Neis-
seria spp., which are serine-type proteases.

Amino acid residues important for enzymatic specificity and
activity are thought to be conserved in the IgAl protease.
Therefore, the high degree of homology in the middle and
C-terminal parts of the two IgA1l proteases suggests that these
parts of the protein are important to enzymatic function,
whereas the significant diversity in the N-terminal third sug-
gests that this part, with the possible exception of small con-
served stretches like the proposed signal peptide, is not essen-
tial. The latter idea is supported by the observation that when
expressed in E. coli, the S. sanguis IgA1 protease lacks the 209
N-terminal amino acids as compared with the translation prod-
uct proposed in Fig. 4 but has retained enzymatic activity (8).

Considerable serological diversity among pneumococcal
IgAl proteases has been observed (18). One possible mecha-
nism to create diversity is the presence of repeat sequences
which may be subject to variation in number and sequence as
a result of frequent unequal homologous recombination fol-
lowed by mutations. Repeat structures are frequent features of
surface-exposed and secreted proteins in streptococci. A 20-
amino-acid sequence is tandemly repeated 10 times in the
N-terminal part of the S. sanguis IgA1l protease (8), whereas in
the S. pneumoniae protease analyzed, a quite different 17-
amino-acid repeat structure in the same area was observed and
was in only three copies. The biological significance of these
repeat structures and their contribution to some of the size
variations observed among strains are uncertain. Characteriza-
tion and comparison of additional streptococcal IgAl pro-
teases may contribute to localize the regions involved in sero-
logical variation as well as those essential for enzymatic
activity.

Using a novel assay for demonstration of IgA1l-cleaving ac-
tivity, we were able to associate IgAl protease activity with
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distinct protein bands in SDS-PAGE. When applied to S. pneu-
moniae PK81, this analysis revealed that in the culture super-
natant the IgA1 protease was present in several different mo-
lecular sizes. This intrastrain variation in sizes of proteins
capable of cleaving human IgAl is a general feature of S.
pneumoniae, as similar variation was observed for seven other
strains analyzed. The translation product deduced from the iga
gene sequence analyzed has a molecular mass of 215,023 Da,
and when cleavage of the proposed signal peptide is taken into
account, the secreted IgAl protease is estimated to be 210,578
Da. Although proteins with such molecular masses with IgA1-
cleaving activity were detected, additional proteins with several
different, lower masses were found to cleave human IgA1. This
indicates that the protease is posttranslationally processed, as
several lines of evidence exclude multiple copies of the iga
gene. The presence of a precursor with an additional polypep-
tide segment located between the signal peptide and the ma-
ture enzyme is characteristic of other extracellular proteases of
gram-positive bacteria (36). In that context, it is noteworthy
that the N-terminal part of the deduced amino acid sequence
of the IgA1 protease is rich in proline residues and contains a
number of Pro-Thr and Pro-Ser sites resembling the Pro-Thr
peptide bond cleaved in substrate IgA1l by streptococcal IgAl
proteases (Fig. 2). Cleavage at the nine sites indicated in Fig.
2 would result in IgAl proteases with masses in the range of
207,294 to 141,654 Da, in agreement with the number and sizes
of proteins with IgAl-cleaving activity observed upon SDS-
PAGE (Fig. 5). However, further studies are needed to clarify
whether the pneumococcal IgA1 protease is actually subject to
autoproteolytic processing, in analogy with the serine-type
IgA1l proteases, which are autoproteolytically cleaved during
the secretion process (28, 29). Apparently, the lower-molecu-
lar-mass versions of the IgAl protease are formed when high
concentrations of the protease are present for a prolonged
time as they are formed during the purification process,
whereas in the freshly concentrated culture supernatant the
high-molecular-mass form predominates. It should be noted
that other, yet unknown factors such as pH and ion strength
may influence formation of the low-molecular-mass forms.

A total of four streptococcal species, S. sanguis, S. pneu-
moniae, S. oralis, and S. mitis biovar 1, are known to produce
IgA1 protease activity. Our hybridization experiments revealed
that all of these proteases are related at the gene level. Ap-
parently, the degree of homology varies among the species,
with the S. sanguis IgA1 protease being most distantly related
to the others. This order of relatedness is in accordance with
the phylogeny of streptococci as revealed by 16S rRNA se-
quences (11). The hybridization analyses, in addition, revealed
a pronounced diversity both in EcoRI restriction fragment
length patterns and in degrees of sequence homology of the iga
genes among different S. pneumoniae isolates, suggesting that
this is an extremely variable gene within the species.

One consequence of the pattern of homology between the S.
sanguis and S. pneumoniae IgA1l protease genes analyzed is
that the two iga genes hybridize only under extremely low-
stringency conditions. As specific annealing is a prerequisite
for homologous recombination, this may suggest that horizon-
tal transfer of iga gene sequences between the two species is
not efficient. Horizontal gene transfer among streptococci is
known to occur in vivo (5), and the divergent evolution of the
iga gene sequences might be an adaptation of either of the two
species to avoid sharing epitopes of the other IgA1 protease.

In summary, the present study has revealed that the S. pneu-
moniae and S. sanguis IgA1 proteases are homologous enzymes
and that the genetic relationships of iga genes among different
streptococcal species appear to be in accordance with the as-
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sumed phylogeny of the genus. An interesting aspect is the
detection of proteins of different sizes with IgAl-cleaving ac-
tivity within and between pneumococcal strains. A number of
open questions remain, particularly concerning the molecular
nature of the different forms of the S. pneumoniae 1gAl pro-
tease and the mechanism of antigenic diversity. The cloning
and characterization of the pneumococcal iga gene provide a
means to further study the IgAl protease protein, e.g., by
genetic modifications for functional and serological analyses.
The results may help to elucidate the role of the IgAl pro-
teases in the process of infection.
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